RCsumC. - Abstract. -NaCl single crystals highly doped witli C d 2 . (5 :-10-6 i c i 7 x 10-3), were studied by ionic conductivity techniques. Previous X-ray experiments at room temperature had shown, in the most doped samples, the existence of a precipitated phase identified as a superstructure of compxition Nac,CdCIs. A plot of csT as a function of l I T for all tlie crystals, and for temperatures betwcen 300 and 1 050 K, shows several reproducible zones. The dissolution of the superstructure precipitates takes place from 500 to 700 K. The dissolution entropy and enthalpy were determined, AS,! -(1.2 !I 0.1) 10 3 eV. K -1 , W,I = 1.40 .-0.06 eV. The zone between 600 and 700 I< for the less doped crystals is interpreted in ternis of the dissolution of neutral complexes into unassociated positive vacancies and Cadmium ions. Long range Coulomb interactions between the two kinds of isolated defects is taken into account. Lidiard's model is used to calculate tlie degree of association and the resulting conductivity. For concentrations as high as 10-3, the Debye-Hiickel energy is 50 j'/, of the association energy and could certainly not be neglected. Consequently, the binding energy of the dipole is found to be equal to 0.37 eV. This is to be conipared with Bassani and Fumi's theoretical estimate of 0.38 eV. The limiting mobility of positive vacancies in the absence of interactions is also evaluated.
1. Introduction. -T h e electric conductivity of alkali halides crystals has been widely used in the last years t o determine the energy parameters for t h e migration and creation of lattice defects. In alkali halides, the isolated positive vacancies are mainly responsible for the current transport. These charge carriers can be created thermally (Schottky defects), o r as charge compensators t o maintain the electrical neutrality of the crystal doped with divalent positive ions. These doubly charged cations are in different states depending on their total concentration a n d the tempel-aturc. They can be in substitutional position bound t o the vacancy, t l i~~s forming dipolar complexes, o r isolated in the host lattice. LiF : NiF, [ I ] system. a n d a NaCl structure witli a paranieter twice that of the alkali halide in L i F : MgF, [2] and NaCI : CdCI,. In this last case, this superstructure was found t o be a metastable phase by Suzuki [3] . In this work, we report the results of the ionic conductivity studies o n NaCl crystals doped with CdCI2. T h e cadmium concentration (expressed in molar fractionj present in o u r samples ranges from the (( pure )) crystal, with a background impurity concentl-ation of 6 ppm t o 7 x This value is ten times higher than the upper limit reported in the previous study on this system, a s we needed high defect concentrations t o obtain measurable erects by X-rav difrl-:~ction techniques.
Etrel a n d M :~~i r e r [4] . in a now classic article on thc ionic conducti\.ity of NaCI : CdClz cryst;~ls, c:~lculated se\,er:il energy parameters using a sini- ple association theory and graphic determinations.
Lidiard [5] , using a theory which takes into account the long-range Coulomb inleractions of unassociated defects, calculated the binding energy of the cadmium ion-vacancy complex and the mobility of the cation vacancy after Etzel's experimental data. In the same system, studies of Na nuclear magnetic relaxation by Satoh [6] , cation self-diffusion and conductivity by Trnovcova [7] and C d 2 + diffusion by Allen et al. [8] , have been performed. The determination of the energy parameters that we report here was made using Lidiard's theory where the Debye-Hiickel approximation describes the long range Coulomb interactions. Non linear least squares computer fitting has been used in several occasions.
2. Theory. - We will resume here the Lidiard's theory. The concentration of positive cation vacancies of mobility p,, is x , at a temperature T. In pure crystals the Schottky defects are the only source of cation vacancies. If x, is the concentration of anion vacancies, for thermodynamic equilibrium we can write
where H, and AS, are the enthalpy and entropy for the formation of a Schottly pair. In the case of a Cd2+ doped crystal, the number of cation vacancies is increased because of the positive vacancies introduced in the lattice for charge compensation by the substitutional Cd2+ ions. These vacancies can be either isolated in the lattice, or bound to the impurity cation, forming thus neutral complexes. The equilibrium constant can be expressed as where p is the degree of association ( -i) the association energy of the dipole and c is the total cadmium concentration in the lattice. The electroneutrality condition in the matrix is given by
This theory of simple association does not include any term for the long range interactions between unassociated defects. Lidiard has shown that in the Debye-Hiickel approximation this could be done very simply by modifying the preceeding equations as follows :
and The Debye-Hiickel energy can be expressed as
where r i is a screening constant, which is a function of x, and T, a is the lattice parameter and E the dielectric constant of the crystal. The unassociated defects are supposed to be unable to approach each other closer than a distance a. There is also in Lidiard's theory the introduction of a correction factor for the mobility of cation vacancies wl-iich represents the hindrance to ion motion by the Debye-Hiickel cloud :
T o compute To, the association energy expressed in Boltzman constant units, from the ionic conductivity experimental results, we can write equation (5) as
This equation can be rearranged to obtain TITo as a function of p :
If we compare at a given temperature the ionic conductivity of a doped crystal, o, t o the conductivity, a,, of a (( pure )) crystal, with a background concentration of divalent impurity co, we can write where p is the solution of eq. (8) at the considered temperature T.
The theoretical estimate of o/ao was made for various concentrations and temperatures. Values for To were tried and the deduced values of p from eq. (8) were introduced in (9) . The program was stopped when the relative difference between the theoretical and the experimental value of ~x t i o g/o0 was less than 5 x Tt must be noted that the cadriiium concentration c we have been using until now is the concentration of substitutional cadmium ions either bound or isolated in the NaCl matrix. This concentration c may differ from the amount of Cd2+ determined by chemical analysis if there are precipitates present in the crystal.
The complete dissolution process of these precipitates in the matrix into free C d 2 + and free cation vacancies is described by ASd c = exp e x p --2 k
Hd + 2 kT
3. Experimental. -Tlie crystals were grown from a molten mixture of NaCl and CdCI,, through a temperature gradient (100/cm) in a pure helium atmosphere, with a very low rate for the temperature decrease from the melting point (30/h). The blocks obtained were single crystals, and for the most highly doped blocks tlie impurity distribution was not homogeneous. The total cadmium concentration in our samples was determined by atomic absorption analysis. Both the cadmium and the sodium absorption were measured. The precision on tlie atomic concentrations, c d 2 + /~a + , was better than 2.5 "<.
The concentrations lay between 6 ppm and 7 x For some samples, neutron activation analysis was also performed. Tlie crystal used for tlie conductivity was analyzed as well as parallel blocks cleaved before the experiment.
The conductivity cell has been described already 191. Pure helium gas was used instead of nitrogen. Tlie large faces of tlie crystal were silver painted. The AC measurements (I kHz) used at high temperatures were improved by tlie utilization of a General Radio automatic capacitance bridge which gave a fast digital output. Measurements were taken every 50 while the temperature was increased at a rate of 600/1i. For the X-ray diffraction experiments, the rotating crystal technique was used. CuKx radiation was diffracted by a small crystal at room temperature. The crystal was submitted to thermal treatments in order to observe the beliaviour of the precipitates in the matrix. The quencliings were made from high temperature on a copper plate kept at 0 OC.
4.
Results and anaIysis of data. -Tlie conductivity results in figure I are plotted as Log a T versus 1 0 3 /~, for the different crystal concentrations. For the less doped crystals (c < 5 x lop4) the high temperature intrinsic zone is clearly visible. From its slope tlie enthalpy of creation for Schottky defects can be deduced if we know tlie entlialpy for the migration of a cation vacancy. At lower temperatures all tlie crystals present a zone where the number of carriers is constant arid equal to tlie C d 2 + concentration found by chemical analysis. The slight increase in a is only due here to the variation of the carriers' mobility with temperature. From these plots tlie enthalpy of migration of cation vacancies was determined by a least squares fitting in this zone and was found to be equal to 0.75 i 0.03 eV. The limiting mobility in the absence of interactions will be calculated later on, following Lidiard's procedure.
At lower temperatures, 523 < T < 673 K, ;lnd for concentrations c > 8 x we can note a steep increase in the number of carriers. The X-ray diagrams taken with tlie sanie crystals show the existence of precipitates in the same temperature range. If the crystal is quenched from high temperature, the diffraction peaks due to the precipitated phase disappear showing thus a dissolution of the impurity in the matrix. Annealing on these quenched crystals followed by quencliings at increasing temperatures show the reappearance of tlie precipitated phase. This phase presents the sanie relative intensities and periodicity as the CdCI2. 6 NaCl metastable phase found by Suzuki in NaCl : CdCI, mixed crystals. It is a superstructure of NaCI, with Cd2+ ions and vacancies alternatively located at tlie corners of tlie original NaCl cell. The C1-ions keep their original positions, slightly displaced towards the doubly charged c;idmiuni ions.
Suzuki found the co-existence of this metastable phase with a stable hexagonal one of composition CdCI2.2 NaCI. In our crystals this phase never appeared xnd the cubic superstructure seemed to be the stable one at room temperature. The parameters for the super-structure dissolution process were calculated in a previous paper and were found to be AS, = (1.2 + 0.1) e V . K -' and For the less doped crystals (c < 5 x there is an intermediate zone between the dissolution and the constant carrier number zone. This zone is detailed in figure 2. I n this zone the variation of the conductivity is attributed to tlie dissociation of dipoles wliicli causes an increase in tlie number of isolated vacancies. This is an adequate zone for determining tlie dipole association energy because the concentration c wliich appears in our equations is tlie total concentration of cadmium in tlie crystal.
In figure 3 we have drawn a set of smooth curves through our experimental points of (c + We can conclude that Lidiard's theory applied to our experimental data, gives for the energy parameters values in agreement with those published by other authors using different techniques. However, several other types of defects can be present in our crystals and have not been taken into account in our four defect model. Those are divacancies, trivacancies, electrons originating either at the electrode or at the impurity traps present in the crystal. Allowance for the existence of Frenkel defects has been included by Allnatt and Pantelis [I41 in their least squares analysis of the ionic conductivity of a pure NaCl crystal.
Other simplifications introduced in the theory must be recalled here : the enthalpies and entropies are supposed to be temperature independent ; we have neglected the temperature dependence of the static dielectric constant. On the other hand in our crystals where a high impurity concentration is present the Debye-Hiickel approximation may be insufficient to describe the effect of defect interactions.
